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I. INTRODUCTION
Vector boson scattering (VBS) at the LHC provides a direct window on the mechanism responsabile for the breaking of the electroweak (EW) symmetry. The tree-level amplitude for VBS is the combination of seven subprocesses in which gauge and Higgs bosons are exchanged. In the standard model (SM) the terms leading in energy cancel leaving an amplitude and a cross section consistent with unitary. If any or all among the trilinear and quartic gauge couplings and the Higgs boson coupling to the vector bosons are modified these delicate cancellations fail and tree-level unitarity is lost. In particular, if either the trilinear or the quartic gauge couplings are changed, terms proportional to the fourth power of the center-of-mass (CM) energy will be present.
After the existence of the Higgs boson has been confirmed [1] , we know that this particle plays a role in EW symmetry breaking but the details may differ from the basic scenario in which the Higgs boson is linearly and minimally coupled. If the gauge couplings are left unchanged but the Higgs boson couplings to the vector bosons are modified, terms proportional to the square of the CM energy will be present in the amplitude for VBS.
All these potential departures from the SM represent signals for new physics. Since there are many possibilitiesranging from an extended Higgs sector to strong dynamics-they are best described by means of an effective field theory.
Terms in the amplitude growing with the CM energy arise when considering the scattering among the longitudinal components of the vector bosons. Using the equivalence theorem [2] , these components can be identified with the Goldsone bosons of the EW symmetry breaking and behave as scalar particles with derivative couplings: their scattering amplitudes are similar to those for ππ-scattering in QCD and the same techniques can be used. The transverse components give rise to terms in the amplitude that are bounded in the CM energy and subleading-for all practical purposes, they are part of the background. The natural language for computing the relevant amplitudes is that of the effective nonlinear (chiral) EW lagrangian first introduced in [3] .
Depending on the symmetry group used, there exist different effective lagrangians which are equivalent but differ in the order-by-order terms and therefore in the dimension and field content of the operators. Compared to other effective lagrangian based on the linear theory and the full symmetry group, the chiral EW lagrangian has the advantage of being optimised for VBS. The loss of tree-level unitarity suggests the presence of a strongly interacting sector. We expect unitarity to be restored by the presence of resonances. Barring the spectacular case of the LHC actually seeing one or more of these resonances, this loss and its eventual restoration can be studied by the effective EW lagrangian in terms of bounds of its coefficients. Because we now know that the theory also contains a Higgs boson, such a lagrangian must be completed by the introduction of this field [4, 5] -the effect of which is parameterised in terms of additional coefficients.
The same-sign W ± W ± → W ± W ± channel stands out in this search because of the suppressed QCD background and the reduced contribution from channels where transverse and longitudinal gauge bosons are mixed. It is a channel in which is easier to single out the scattering of the longitudinal components of the gauge bosons and the most likely Possible resonances in this channel are expected to be either present in the t-channel (and therefore leading to only a decrease of the cross section) or carrying isospin 2 and doubly charged and therefore heavier than those in other decay channels. Under the assumption that no resonance has been seen in this or other channels, it is reasonable to unitarize the amplitude by the simplest and model-independent means without worrying about the value of the resonances' masses and widths. Experimental cross sections for the process pp → l ± ν l l ± ν l jj can then be compared with the SM and provide the means to constrain the coefficients of the effective lagrangian and the physics behind the EW symmetry breaking.
Even in the same-sign W W channel, the extraction of the coefficients is challenging. Appropriated selection cuts are required to isolate the VBS process from other, often larger backgrounds. In addition, we want to isolate the longitudinally from the transversally polarised vector boson. The former is mostly produced together with a final quark which is more forward than in the case in which the W is transversally polarised. These requirements provide a standard set of selection rules to which we add a final requirement (the Warsaw cut [6] ) on the size and direction of the final transverse momenta of jets and leptons which has been shown to be effective in disentangling longitudinal and transverse vector boson polarizations.
The opposite-sign W ± W ∓ → W ± W ∓ channel is less clean mainly because of the large background generated by the production of tt pairs. It would be best to do without it and we find that indeed it is possible to establish the most stringent constraints by means of only the same-sign channel.
The study of the cross sections σ(pp → l ± ν l l ± ν l jj) and σ(pp → l ± ν l l ∓ ν l jj) at the LHC can lead to either the discovery or the exclusion of the terms in the effective lagrangian at the permil level. This is the size of these coefficients expected on dimensional grounds. For the first time we will be able to study the breaking of the EW symmetry at its fundamental level.
In this introduction we recall the relevant literature in section I A, introduce the notation in section I B, discuss coefficients size and higher-order terms in section I C, compare the nonlinear (chiral) lagrangian with the linear and anomalous couplings formulations to provide a dictionary for the relevant coefficients in section I D . We collect the existing limits and estimates in section I E.
A. The story so far
The importance of VBS in the study of the EW symmetry breaking was recognised early on [2, 7] . The unique role played by the same-sign channel was singled out in [8] and the identification of the central jet veto to distinguish the EW signal from the QCD background was first introduced in [9] where the purely leptonic "gold-plated" decay channels were also identified. In [10] the study was extended to semi-leptonic decay modes.
More recently, with the coming of the LHC, many different groups and authors have discussed VBS from different points of view. Of relevance for the present work, the papers in [11] and [12] have provided new insights on both the gold-plated and the semi-leptonic decay channel as well as the determination of resonances and the coefficients of the effective lagrangian. In a parallel development, the extraction of bounds on anomalous triple and quartic gauge couplings from the LHC data was discussed in [13] .
The parameterisation of the experimental results in terms of the effective chiral lagrangians was begun in [14] and further discussed in [4, 5, 15, 16] . The analysis in [17] provides an estimate of the possible limits at the LHC on the effective lagrangian coefficients-of which our work can be considered an improved and updated version.
For a more comprehensive review of the literature, the interested reader is referred to [18] .
B. Notation
In this work we choose to adopt the non-linear parametrization for the EW symmetry breaking sector. This choice is particularly suitable for our purposes, since the non-linear formulation puts the longitudinal degrees of freedom of the EW gauge bosons-dominant in the VBS processes we are interested in-in foreground position.
The effective non-linear lagrangian that describes the dynamics of the Goldstone bosons associated to the SU (2) L × U (1) Y → U (1) em symmetry breaking pattern is organized as an expansion in powers of Goldstone bosons momenta and the number of possible operators is restricted by Lorentz, gauge, charge and parity symmetry. The leading term is of O(p 2 ) and-in the presence of a light Higgs particle h-it can be written as
where a and b are coefficients parametrizing the Higgs interactions with the gauge bosons. The Goldstone bosons π a (a = 1, 2, 3) are encoded into the matrix
where σ a are the Pauli matrices and v = 246 GeV is the EW vacuum. The Goldstone matrix U has welldefined transformation properties under
It constitutes the building-block for the effective lagrangian with broken (non-linearly realized) EW symmetry. In eq. (1) the covariant derivative is given by 
In eq.
(1) the quantity V (h) is the Higgs boson potential with the generic structure
2 )h 4 , where the parameters d 3 and d 4 are related to the triple and quartic Higgs self-interactions, respectively. We extend the lagrangian in eq. (1) by adding a set of higher dimensional operators parametrizing the following O(p 4 ) lagrangian
where
The complete list of operators entering in the chiral lagrangian at O(p 4 ) can be found in [3] . Here we restrict to a subset of those given by eq. (5) because we are interested only in operators that modify triple and quartic gauge boson couplings and are relevant for VBS processes. In particular, the coefficient a 1 modifies the vertices with both two and three gauge bosons, a 2 and a 3 those with three gauge bosons while a 4 and a 5 only vertices with four gauge bosons. In principle, being the Higgs boson a singlet, we can add a multiplicative function of h in front of all the operators of eq. (5); a function similar to the one between squared brackets of eq. (1) but with different coefficients, as shown in [16] . Here we assume these corrections to be sub-leading and neglect them.
In the framework we have introduced, the SM corresponds to the choice a = b = d 3 = d 4 = 1 and a 1 = a 2 = a 3 = a 4 = a 5 = 0. Any departure from these values can be interpreted as presence of new physics.
C. Coefficients size and higher-order terms
The effective field theory approach to physics beyond the SM is made into an even more powerful tool after few assumptions on the ultraviolet (UV) physics are made. Without such, admittedly, speculative arguments, it remains a mere classification of effective operators without offering any particular physical insight.
The use of a non-linear realization of the electroweak symmetry naturally emerges by assuming the existence of a new strongly-interacting sector responsible for its breaking. The new sector can be characterised by two parameters: a coupling, g * , and a mass scale, Λ. The latter identifies the mass of the heavy states populating the new sector. Furthermore-in the spirit of the non-linear σ model used in eq. (1)-it is natural to assume that the Goldstone bosons originate from the spontaneous breaking of a global symmetry of the strong sector; in this regard, the σ-model scale v is linked to the parameter of the strong sector via the relation g * v ≈ Λ. Having in mind a cut-off scale Λ of a few TeVs, the relation g * v ≈ Λ points towards a maximally strongly coupled sector in which one expects g * ≈ 4π. In this picture the Higgs boson emerges as a light resonance of the strong sector.
The size of the effective operators generated integrating out the heavy resonances of the strong sector can be estimated by means of the so-called naïve dimensional analysis (NDA) [19] . Integrating out heavy fields at the tree level in the strong sector, the effective Lagrangian takes the following general form
where A µ (A µν ) denotes a generic gauge field (field strength) whileL is a dimensionless functional. For simplicity, we neglect fermionic contributions since they are not important in our setup. The most relevant information in eq. (6) is that the Goldstone bosons and the Higgs are always accompanied by an insertion of g * since they are directly coupled to the strong sector they belong to. We can now analyze by power counting the effective operators, written in eq. (5), relevant for the W W scattering process we are interested in:
2 generate the quadrilinear vertex involving four Goldstone boson derivatives. Using the rules of NDA we find the corresponding W W scattering amplitude to be proportional to g 2 * (E/Λ) 4 , where E is the characteristic center-of-mass energy of the process (for the sake of simplicity we do not distinguish here between different W W channels, since we are simply interested in an order-of-magnitude estimate of the amplitude);
• The operator a 3 Tr (Ŵ µν [V µ , V ν ]) generates the trilinear coupling
The corresponding W W scattering amplitude involves the s-, t-, and u-channel exchange of the EW gauge bosons W k=1,2,3 , and from NDA we obtain an amplitude proportional to g 2 (E/Λ) 4 ;
• The operator a 2 B µν Tr (T [V µ , V ν ]) generates the trilinear coupling
The corresponding W W scattering amplitude involves the s-, t-, and u-channel exchange of the EW gauge boson B, and from NDA we obtain an amplitude proportional to g 2 (E/Λ) 4 ;
• Finally, the σ-model operator Tr (
By combining these vertices with the trilinear interactions extracted before from
, we find an amplitude proportional to, respectively, g
Notice that the energy dependence of these amplitudes-obtained here by dimensional analysis-will be confirmed by means of a direct computation in section II D.
We can now compare the amplitude proportional to a 4,5 against that proportional to a 2 . Both these amplitudes grow with E 4 ; however, the contribution coming from the operators
2 is parametrically enhanced since proportional to g 2 * . Similarly, we can compare the same amplitude against that proportional to a 3 . The former dominates if the condition g * (E/Λ) > g is satisfied. Since g * v ≈ Λ, it implies E > gv, a condition easily satisfied at typical LHC energies.
It therefore seems natural to expect that in the presence of a genuinely strongly coupled new sector the most relevant contribution to the W W scattering arises from the pure Goldstone operators a 4 
For this reason in section II we will focus our Monte Carlo analysis on the two coefficients a 4 and a 5 , setting a 2 = a 3 = 0.
Finally, notice that the same NDA argument can be used in order to estimate the contribution of O(p 6 ) (or higher) operators. For definiteness, let us consider the O(p
which contributes to the W W (transverse) scattering according to
1 As evident from the previous discussion, the maximally strongly coupled limit g * ≈ 4π suppresses this contribution that in principle could interfere with the perturbative expansion.
D. Mapping to other formulations
It is useful to map the non-linear formalism into other popular parameterizations-thus providing a dictionary through which to translate all the available bounds. In the following, we briefly discuss the relations with i ) the phenomenological lagrangian commonly used to parametrize triple and quartic anomalous gauge boson couplings and ii ) the higher dimensional effective lagrangian obtained by imposing the additional assumption that the Higgs field h is part of a SU (2) L doublet that breaks the EW symmetry.
Anomalous triple and quartic gauge couplings
Traditionally bounds on triple gauge boson couplings (TGC) have been expressed in terms of anomalous coefficients [22] , according to the following phenomenological lagrangian
is fixed to be 1 by gauge invariance) are modified by the presence of the operators in eq. (5). By inspection, we can identify the following identities:
Furthermore, it follows that ∆κ Z = ∆g
For illustrative purposes we can take a 1 = 0, as suggested by the stringent fit of LEP data of [27] . In this case the previous relations simplify to
As far as the anomalous quartic gauge couplings (QGC) are concerned, they are usually parametrized as follows
with
The effective operators of eq. (5) produce the following corrections
Comparison with the linear realization
At dimension 6, the bosonic operators relevant for our discussion are [23] 
with 
There are 18 operators of dimension 8 but only two
are relevant for us. The other 16 operators of dimension 8-five of which enter W W scattering-have derivative terms in the vector bosons in addition to those with the Higgs field, and would have to be matched to higher order terms in the chiral lagrangian. For the W W channel we are interested in, we find [26] :
, and
E. Current and estimated bounds Current bounds on the coefficients of the operators in eq. (5) come from EW precision measurements performed at LEP-I and LEP-II and from data collected at LHC run 1. Estimated bounds are meant to be for LHC run 2.
Electroweak precision tests
The coefficient a 1 is strongly constrained by LEP-I and LEP-II data because it contributes at tree-level to the S parameter
A simple fit of LEP data [27] performed including the correction in eq. (22) shows that On the other hand, the other coefficients a 2 , a 3 , a 4 and a 5 contribute to the S, T, U parameters only at at one-loop.
In particular, the one-loop contributions of a 4 and a 5 to EW precision measurements lead to the following (rather weak) bounds on these coefficients at 90% CL [16] − 0.094 < a 4 < 0.10 and − 0.23 < a 5 < 0.26 .
The combined LEP bounds on TGC [28] are
By means of the relations in eq. (13) we can translate the above bounds into limits on the coefficients a 2 and a 3 − 0.26 < a 2 < 0.26 and − 0.10 < a 3 < 0.04 ,
which are in agreement with the ones found in [16] .
LHC run 1 and run 2
Current experimental limits on a 4 and a 5 based on LHC run 1 are still rather weak and comparable to those in eq. (24) coming from EW precision measurements. ATLAS and CMS find [30] − 0.14 < a 4 < 0.16 and − 0.23 < a 5 < 0.24 (27) at the 95% CL and with a luminosity of 20.3 fb −1 (CM energy of 8 TeV). These bounds are obtained by studying the double charged channel (after unitarization by means of the K-matrix method).
Estimated bounds on a 4 at the LHC run 2 presented in [31] represent a substantial improvement with respect to the current LHC limits, namely
This limit is obtained at 95% CL and for a luminosity of 300 fb −1 (CM energy of 14 TeV). The best existing estimated limit is obtained in [17] where they combine same-and opposite-sign channels. They find
at the 99% CL and for a luminosity of 100 fb −1 (CM energy of 14 TeV). These bounds are equivalent by means of eq. (21) to − 0.01 < a 4 < 0.01 and − 0.01 < a 5 < 0.01 .
Recent data on the Higgs boson decays indicate a value for the Higgs coupling to the gauge bosons very close to the SM value, namely [32] a = 1.03 ± 0.06 .
No dramatic improvement on this limit is expected from future LHC runs due to systematic errors [33] .
Analyticity and causality
The causal and analytic structure of the amplitudes leads to theoretical bounds on the possible values the two coefficients a 4 and a 5 can assume [15, 29] . The most stringent of these comes from the requirement that the underlying theory respects causality:
where Λ represents the cutoff of the effective theory and µ < Λ the scale at which the amplitude is evaluated. For most practical proposes, we can neglect the logarithms and take
as our causality bounds. In our limits, we will assume them to be satisfied. Even though a violation of the above constraints would imply a (hard to entertain) breach in the causal structure of the theory, it is useful to bear in mind that this possibility cannot be ruled out a priori and that an observation of a negative value of a 4 or of the combination a 4 + a 5 would be a really striking discovery in as much as it would challenge the very foundations of quantum field theory.
II. METHODS
In section II A we present some details about the Monte Carlo simulation we have implemented in order to generate the VBS processes we are interested in. In section II B we describe the selection cuts we have employed. The statistical framework and the estimation of the effects of systematic errors are presented in section II C. Finally, in section II D we discuss the violation of unitarity that can potentially arise and explain the unitarization procedure we have applied.
A. Monte Carlo simulation
We have modeled the effective lagrangian consisting of the sum of the terms in eq. (1), (4) and (5) ). The relevant diagrams for probing the symmetry breaking dynamics must contain direct W boson interactions. They are only a small fraction of the whole set in pure EW events-which are dominated by diagrams in which the W bosons are radiated from the incoming quarks, do not interact and have predominantly a transverse polarisation. Mixed QCD/EW events-in which the vector bosons are produced from strongly scattered quarks-only contain diagrams in which the W bosons do not interact. These two processes constitute the main irreducible background for our analysis.
Other background processes that contribute to SS and OS W W channels are the following:
• Z+jets: events from this process can easily enter the OS channel and even the SS channel if the sign of one lepton is mis-identified;
• tt: the same considerations apply as for Z+jets, but this kind of events are expected to be harder to suppress due to the higher probability of having more energetic jet and lepton pairs with large angular separation (and therefore higher invariant masses);
• W Z+jets, ttW , ttZ and ttH: events from these processes can originate high energy jets together with two or more charged leptons, which can even enter the SS leptons selection, in case of three or more leptons or one lepton from the tt decay and another one from the associated boson decay;
• single-lepton+jet (e.g. from W +jets): these events can enter any of the two channels if a jet is mis-identified as an additional isolated lepton.
Among the processes listed above, we have included the W Z+jets background in the study of the SS channel and the tt background in that of the OS channel. The other processes are highly suppressed by the selection cuts, resulting in negligible effects in the analysis. We are, however, aware that this suppression depends on our Monte Carlo simulation which does not predict correctly the effects of lepton charge mis-identification and jets reconstructed as leptons in the detector.
The simulated events have been showered using Pythia 6.4 [36] and subsequently processed through Delphes [37] in order to simulate the response of a generic LHC detector. All the settings for both Pythia and Delphes have been kept as default (i.e., leaving the default options when installing the software through the Madgraph5 interface).
The number of events from each process has been then rescaled according to the LO cross-section and the expected integrated luminosity in each of the considered cases, to obtain an expected yield after the event selection.
B. Selection cuts
As already discussed, the pure EW production of W W pairs in association with two jets at the LHC is dominated by events that have no direct relevance for the mechanism of electroweak symmetry breaking. Typically these events come from soft collisions involving incoming partons which lead to soft accompanying parton jets in the final state and can be rejected by appropriate cuts on their rapidity. In order to suppress this irreducible background and select events with hard W W interactions we apply the following selection criteria -small pseudo-rapidity and large transverse momentum for the W gauge bosons; -two opposite tagging jets at large pseudo-rapidities and relatively small transverse momentum.
Beside reducing the irreducible EW background, these cuts also suppress the mixed EW/QCD one.
Subsequently we have to impose additional cuts in order to wean out the transversally polarised vector bosonswhich accounts for more than 90% of the total produced W pairs-and select the longitudinally polarised ones. At the parton level, the production of longitudinally polarised W is characterised by the final quark which is emitted more forward than in the case of the production of transversally polarised W . Moreover, after being produced by bremsstrahlung, the W L (mostly) conserve their polarisation-as long as we stay above the on-shell production threshold.
The complete set of cuts applied in the case of SS and OS W W channels are summarized below.
Same-sign W W channel
We select events by applying the following set of cuts:
• two same-sign leptons with p l ± T > 20 GeV and |η l ± | < 2.5;
• at least two jets (p j T > 25 GeV and |η j | < 4.5) with relative rapidity |∆y jj | > 2.4; • the two highest p T jets with an invariant mass m jj > 500 GeV;
• missing transverse energy E miss T > 25 GeV.
This combined set of cuts has been optimized for VBS at the energy of 14 TeV, condering an integrated luminosity of 300 fb −1 and are rather close to those already in use by the LHC experimental collaborations. The cuts above only partially succeed in singling out the longitudinal W bosons and a rather large pollution from the transversally polarized ones is still present. To improve further the selection efficiency of the longitudinal modes we add the Warsaw cut [6] defined as follows The R p T variable contains the information about the momenta of the final leptons and is very effective in separating the transverse from the longitudinal modes.
The discriminating power of this cut is illustrated in the left plot of Fig. 2 . The red (blue) points represent the distribution in the [p
TeV) containing transverse (longitudinally) polarized W W pairs. By inspection we see that the cut R p T > 3.5 is very useful in discriminating longitudinal from transverse polarized W bosons. The power of this selection is even more evident from the histogram shown in the right panel of Fig 2, where the same distribution of events is plotted as a function of the ratio R p T . In [17] the selection on the W polarisation is carried out by means of a selection on the lepton momentum instead of the Warsaw cut. Fig. 3 compares the two choices and Table V shows the upper limits for the coefficients of the effective lagrangian obtained by means of the two possible selection cuts. We find the Warsaw cut to be better in weaning out the transverse polarizations. In any case, the similarity in the selection choice is reflected in our final limits that turn out to be rather close to those of [17] for comparable energies and luminosities. Table II shows the effect of the various selection cuts on the number of surviving events in the SS channel. Fig. 4 shows the position of the cut selection for the variables ∆y jj , m jj and R p T for this channel. and Rp T in the OS channel.
Opposite-sign W W channel
The opposite-sign decay channel is less clean because of the large reducible background coming from tt pair production. For this channel in the process pp → l ± ν l l ∓ ν l jj we use the following selection cuts:
• two opposite-sign leptons with p l ± T > 20 GeV and |η l ± | < 2.5;
• missing transverse energy E miss T
> 25 GeV
• the two highest p T jets with an invariant mass m jj > 500 GeV;
• two and only two jets (p j T > 25 GeV and |η j | < 4.5) with relative rapidity |∆y jj | > 2.4;
• invariant transverse mass m W W T > 800 GeV;
• angular separation between the leptons in the transverse plane |∆Φ ll | > 2.25;
• b-quark veto (i.e. no jets tagged by the b-tagging algorithm implemented in Delphes).
The invariant tranverse mass in the cuts above is defined as
where p miss T is the missing transverse momentum vector, p ll T is the transverse momentum of the di-lepton pair and m ll its mass. Table III shows the effect of the various selection cuts on the number of surviving events in OS channel. Fig. 5 shows the position of the cut selection for the variables ∆Φ , ∆y jj , m jj , m and R p T for this channel.
C. Statistical analysis
In the following we will compute the expected discovery significance and the expected exclusion limits for the coefficients of the effective lagrangian in eq. (1) and eq. (5).
For a given set of selection cuts, we define the signal S as the enhancement in the number of W W jj eventsobtained for certain fixed values of the coefficients a, a 2 , a 3 , a 4 and a 5 -over the SM prediction (obtained for a = 1,
The background B is given by the number of events predicted by the SM
The expected number of signal events S is compared with the number of background events B using Poisson statistics without considering any systematic uncertainty. The Poisson probability density function is generalized to non-integer event numbers through the use of the Gamma function.
Discovery significance and exclusione limits
For each set of values of the effective couplings, the expected discovery significance is obtained by computing the probability of observing a number of events greater or equal to S + B assuming the background-only hypothesis. This probability is then translated into a number of Gaussian standard deviations: three (five) standard deviations is considered as benchmark for an observation (discovery). On the other hand, the expected exclusion limits are obtained by computing the probability of observing a number of events less or equal to B assuming the signal-plus-background hypothesis. The specific choice of the parameters is considered excluded at 95% (99%) CL if this probability is less or equal than 5% (1%).
Notice that, for large values of B, the Poisson distribution can be very well approximated by a Gaussian function. In this case the significance (expressed in terms of number of standard deviations) can be computed simply as S/ √ B. In the same limit we can say that a set of parameters is excluded at 95% (99%) CL if the quantity S/ √ S + B > 2 (> 3).
The difference between using the exact Poisson distribution and the approximated formulas above can be gauged in Fig. 6 where the χ 2 test is run for the two possibilities. As one can see by inspection, while for the case at √ s = 13 TeV and luminosity 100 fb −1 the difference cannot be ignored, there is no difference for the higher energy and luminosity case. We employ in all cases the Poisson probability distribution. All the results reported in the following are obtained neglecting any systematic uncertainty on the prediction for the number of signal and background events (S and B) because such uncertainties are mostly related to the experimental techniques used to extract the results. To have a feeling of the size of their effect on the results, we have included a non-zero systematic uncertainty on B and compared the limits and the significance with the case without systematics. This comparison is done considering the simplified statistics treatment described above-that is, by considering the formulas S/ √ B and S/ √ S + B. These two expressions are generalised to the case with non- makes the systematic error-assumed to remain the same-more important. As expected, the effect is rather important, especially for large values of integrated luminosity where the Gaussian error is smaller, and one should bear that in mind. Of course, an eventual reduction of such a systematic uncertainty, for instance down at 5%, would proportionally reduce the effect, and, depending on the size of this uncertainty in a real experiment, selection cuts could be further tightened to minimise its impact.
D. Unitarization
For values of the coefficients a, a 2 , a 3 , a 4 and a 5 which are different from the SM ones, the computation of the cross section σ(pp → W W jj) obtained using the lagrangian in eq. (1) and eq. (5) cannot be trusted because of possible unitarity violation that can arise at the level of some hard scattering diagrams, in particular the ones that involve longitudinal W bosons. In this case, the cross section of the process W L W L → W L W L breaks unitarity at energies larger than the TeV (the exact violation energy depends on the specific values of the coefficients).
This breakdown in unitarity can be understood by looking at the longitudinal W bosons scattering amplitudes in the same-and opposite-sign channel-computed using the equivalence theorem in the isospin limit-can be written in terms of isospin amplitudes A I (s, t) as
The amplitudes A I (s, t) can be expanded in terms of partial waves t IJ (s) as
In our case, at tree level, neglecting partial waves higher than the leading J = 0 wave, we have
(41)
The isospin amplitudes A I (s, t) can then be re-obtained from the partial waves computed above by means of eq. (39).
In the approximation of neglecting partial waves higher than J = 0, we have very simple relations:
An example of such unitarity violation is shown in Fig. 9 where-for values of a 4 = a 5 = 0.001-it occurs around 1.5 and 2 TeV for, respectively, the isospin I = 0 and I = 2 component. The amplitudes in eq. (43) violate unitarity and we interpret them as an incomplete approximation to the true amplitudes. One can deal with this problem either by cutting off the collection of events at a given value of the CM energy or by implementing an unitarization procedure.
As an example of the latter, let us look for unitary matrix elements that provides a non-perturbative completion. By inspection of the amplitudes we see that the SS W W channel can only contain double-charged I = 2 resonances in the s-channel, the first two being of spin 0 and 2. We assume that these states are sufficiently heavy to be outside the energy reach of LHC. By extension, we assume that no resonance is present within the LHC energy range also in the opposite-sign W W channel. Therefore, the most appropriated unitarization procedure for our case in which we do not expect resonances is the K-matrix prescription [38] . The K-matrix ansatz consists in using the optical theorem
in order to impose the following condition on the unitarized partial wavet IJ (s)
The K-matrix unitarized partial wave is then defined to bê
where t IJ (s) is the tree-level partial wave amplitude. The quantityt IJ (s, t) satisfies by construction the optical theorem and is supposed to represent a re-summation of the higher order terms whose contribution restore unitarity. The result of this unitarization is shown in Fig. 9 and compared to the tree-level result. If we define the rescaling factor for the SS W W events
we can use it to re-weight the events that survive after having applied all the selection cuts, in order to obtain a result that satisfies the unitarity bound. This procedure is reliable if the events that survive after the selection cuts are dominated by the production of longitudinal polarized W . The K-matrix ansatz and the cut off in energy are two possible procedures to deal with the violation of unitarity. Table V shows that the two procedures (for an appropriate choice of cut off) are substantially equivalent. Their differences quantify the dependence on the unitarization procedure of the limits.
Because it is more difficult to define a rescaling for the OS channel as done above for the SS channel, and because of the additional assumptions entering the K-matrix procedure, we follow the simplest procedure and introduce a sharp cut off in the data collection so as to make the amplitudes unitarity.
The cut off must be chosen to be less than 4πv, the limit for the chiral lagrangian expansion, and below the range in which the growth becames too fast. We take m W W < 1.25 TeV for the SS channel and < 2 TeV for the OS channel. It can be shown that for these values, as in Table V , differences between the two unitarization procedures are minimal.
III. RESULTS
As discussed in section II A, we have generated events in which the coefficients of the effective lagrangians in eq. (1) and eq. (5) of section I B, parameterising deviations from the SM, were allowed to vary. We consider only the coefficients a, a 2 , a 3 , a 4 and a 5 because the coefficient a 1 is already severely constrained by LEP data, as discussed in section I E, and we assume it vanishing in our analysis. The coefficients a 4 and a 5 , according to our discussion in section I C, are the leading and most important ones. They should be searched first. Once they have been constrained, the simulation for the coefficients a 2 , a 3 and a can be carried out after setting a 4 and a 5 equal to zero.
We report in Tables VI-IX the results in terms of exclusion limits (95 and 99% CL) and discovery significance (3 and 5σ)-as discussed in section II C-for the benchmark luminosities of 100 and 300 fb −1 (at CM energy of √ s = 13 TeV) and 300 fb −1 and 3 ab −1 (at √ s = 14 TeV). All coefficients are here varied one at the time. As it can be seen from Tables VI-IX, the OS channel does not provide stronger limits for any of the coefficients and the SS channel is sufficient by itself in setting the most stringent constraints.
Figs. 10 and 11 show the exclusion limits (95% CL) and discovery significance (5 σ) for the coefficients a 4 and a 5 obtained from the SS and OS W W channels for, respectively CM energy √ s = 13 and 14 TeV and the benchmark luminosities. The coefficients a 4 and a 5 are now varied simultaneously. 
IV. DISCUSSION
While the presence of resonances is the most dramatic signal for a strongly interacting sector, they may be too heavy or broad to be clearly seen at the LHC. The discovery of a non-vanishing coefficient of the effective lagrangian in eq. (5), introduced in section I B, is a more systematic way to search for the presence of the strongly interacting sector behind the breaking of the EW symmetry. In addition, exclusion limits provide an indirect indication about the energy scale of the masses of those resonances that are expected from such new interactions.
The identification of the most appropriated selection cuts is crucial but it is now well understood that-in addition to the central jet veto necessary to remove the QCD background-the control of the large EW background can be achieved by means of a selection on the transverse momenta of the jets and final leptons.
We have shown that a significant improvement in both discovery significance and exclusion limits for the chiral effective lagrangian coefficients a 4 and a 5 can be expected from the current and the next run of the LHC. Already at CM energy √ s = 13 TeV and a luminosity of 100 fb −1 the limits will reach the permil precision thus coming within range of the values expected by purely dimensional analysis. These results can be obtained by studying the SS W W → W W channel alone.
The determination of the coefficient a 3 within VBS-the best limits for which come at the moment from precision measurements-will become competitive already at the LHC run 2 when a luminosity of 300 fb −1 will be available. The coefficient a 2 gives rise to smaller deviations in VBS and is determined with less precision; its constraints will be competitive with those from TGC data at LEP only when higher luminosities become available.
Finally, the coefficient a-controlling the coupling of the Higgs to the vector bosons in eq. (1) in section I Bremains best determined in the decay processes of the Higgs boson. Only at future LHC runs a comparable limit will be available from VBS.
While VBS remains our best laboratory to study EW symmetry breaking, the presence of systematic errors hard to reduce and even estimate will eventually limit the final precision of the measurements that can be achieved at the LHC. The same is true for the study of the Higgs boson decays and the complementary determination of the coefficient a, as defined in eq. (1) in section I B.
